Primate evolution produced an increased capacity to respond flexibly to varying social contexts as well as expansion of the prefrontal cortex [1, 2] . Despite this association, how prefrontal neurons respond to social information remains virtually unknown. People with damage to their orbitofrontal cortex (OFC) struggle to recognize facial expressions [3, 4] , make poor social judgments [5, 6] , and frequently make social faux pas [7, 8] . Here we test explicitly whether neurons in primate OFC signal social information and, if so, how such signals compare with responses to primary fluid rewards. We find that OFC neurons distinguish images that belong to socially defined categories, such as female perinea and faces, as well as the social dominance of those faces. These modulations signaled both how much monkeys valued these pictures and their interest in continuing to view them. Far more neurons signaled social category than signaled fluid value, despite the stronger impact of fluid reward on monkeys' choices. These findings indicate that OFC represents both the motivational value and attentional priority of other individuals, thus contributing to both the acquisition of information about others and subsequent social decisions. Our results betray a fundamental disconnect between preferences expressed through overt choice, which were primarily driven by the desire for more fluid, and preferential neuronal processing, which favored social computations.
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Results

Monkeys Differentially Value Socially Distinct Classes of Images
We studied the activity of 207 single OFC neurons in three male rhesus monkeys performing a choice task pitting fluid reward against the opportunity to view socially relevant pictures ( Figures 1A and 1B) [9, 10] . Monkeys chose between T1, resulting in fluid reward, and T2, resulting in fluid reward paired with an image from one of four social categories (nonsocial gray square, female perinea, dominant male faces, subordinate male faces), previously validated as motivationally relevant [9] [10] [11] . Importantly, access to fluid was controlled outside of experimental testing, thus motivating heightened sensitivity to fluid reward ( Figure S1 available online). Nonetheless, multiple logistic regression of target choice as a function of fluid amount and image category revealed significant effects of both factors (odds of choosing T1, fluid Wald's c 2 (df = 1) = 6938.50, p < 0.0000001; image Wald's c 2 (df = 3) = 12.30, p = 0.006), confirming the intrinsic motivational significance of social stimuli [9] . In order to directly compare the effects of fluid and image class on monkeys' choices, we calculated the value of each image set by using the sign-reversed point of subjective equivalence (PSE) [9] during each session (see Experimental Procedures). A one-way ANOVA revealed that the value of each image class differed based on its social content (F(3,276) = 4.84, p = 0.003; Figure 1B) . Specifically, the gray square had lower value than perinea and subordinate faces (Tukey HSD, p < 0.05). Perinea and subordinate faces both had positive values (3.88 6 1.66 and 4.11 6 1.37, respectively), dominant faces were neutral (0.5953 6 1.23 SEM), and the gray square had negative value (21.88 6 0.7916). These results confirm that socially defined pools of images are meaningful to monkeys.
OFC Neurons Transiently Respond to Fluid and Image Reward
A normalized population firing rate histogram ( Figure 2A ) showed transient modulations in activity after juice delivery and picture onset. Based on this temporal profile and task structure, we identified three epochs of neuronal activity for analysis ( Figure 2A ; see also Experimental Procedures): a perisaccade epoch, a perijuice epoch, and an image epoch. In each, a significant number of neurons [n = 63 of 207 (30.4%) or more in each of three epochs, p(n > 62) < 0.0001, binomial test; based on paired t test, Bonferroni corrected for n = 3 epochs] showed significant modulation in firing rate from baseline (last 500 ms of ITI). We next explored whether these response patterns varied across subregions of OFC. Neurons were identified as either medial OFC (Walker's areas 14 and 25 [12] ) or lateral OFC (areas 11 and 13) based on MRI reconstruction of electrode placement and recording depth ( Figure 1C) (Figure 2 ) during the saccade, juice, and/or image epoch. Notably, during the juice epoch, 64 of 207 (30.9%) neurons showed a main effect of image category, and during the image epoch, 15 of 207 (7.25%) showed a main effect of juice amount. This implies that OFC neurons respond in a context-dependent manner and do not simply convey direct experience of reward or visual experience. Relatedly, whether or not monkeys chose the image (T1 versus T2) did not significantly alter the number of neurons responsive to image category or fluid (all p > 0.16) (see Table S1 ).
We next performed post-hoc t tests to determine how much of image coding could be attributed to social images versus the gray square. Among neurons discriminating between image classes, an equal number of neurons had significantly different firing rates for the gray square versus the other categories (Tukey's HSD test, Bonferroni corrected, n = 61 for gray square versus the three social categories in one or more task epochs; n = 61 within the three social categories) (see also Table S2 ). An equal number of neurons in medial and lateral OFC signaled fluid size, social image class, or their interaction (c 2 < 1.88, p > 0.11). We next analyzed whether the number of neurons modulated by image category was affected by target choice, which determined whether the monkey actually saw an image. With a more lenient significance threshold (p < 0.05), 31 of 207 cells had a main effect of image category during the image epoch during T2 (image) trials. Of these, 17 (54.8%) were also modulated by image category during T1 (blank) trials. This suggests that at least half of the neurons responsive to social category are encoding current social context, rather than simply signaling visual properties of the stimuli. Moreover, there were no correlations between firing rate and with image-based measures of image similarity or redness [13, 14] , nor did neurons discriminate between dominant faces and their phase-scrambled counterparts (see Supplemental Experimental Procedures). Overall, these observations demonstrate that a large proportion of OFC neurons convey socially relevant information, even when other factors, such as gustatory reward, dominate choice. significant correlations between firing rate and fluid reward value (Figure 3 ), as expected from prior studies [15] . Although the number of neurons encoding social image value and juice value were the same, these two populations of neurons were distinct (overlap = 2 neurons). However, motivational value signals were not temporally constrained to receipt of juice reward or visual social experience: the activity of 26 (12.6%) neurons was correlated with image value during the juice epoch, and the activity of 27 (13.0%) neurons was correlated with juice value during the image epoch. The number of neurons representing image value and juice value in medial OFC versus lateral OFC did not differ (c 2 < 0.57, p > 0.45). Overall, these findings suggest that OFC neurons carry information about social value as inferred from choice behavior but that these signals may be maintained separately from representations of gustatory value.
Our findings suggest that an approximately equal proportion of neurons in OFC encode image value and juice value. This is surprising because juice value strongly determined choices. Although distinct image classes tended to measurably bias choices (Figure 1 ), these effects were subtle. Surprisingly, the number of neurons that discriminated between social image categories during image viewing was significantly greater than the number of neurons that signaled image value (60 versus 24; c 2 = 19.36, p < 0.0001). Further, the number of neurons that discriminated between social image categories during the juice delivery epoch was significantly greater than the number of neurons with firing rates correlated with juice value (64 versus 24; c 2 = 23.09, p < 0.00001) during the same epoch. Weak encoding of value but robust encoding of categorical social information suggest that OFC neurons may contribute to more than simple binary choice. To test this idea, we next asked whether firing rates of OFC neurons varied with how long monkeys viewed each class of images once they chose them. Viewing time is often used as a measure of interest in both nonhuman primates and human infants [16, 17] . As in previous studies [9] , viewing time and choice preferences in our data were not strictly correlated, suggesting that these two metrics index distinct processes. We explored whether firing rates were correlated with how long monkeys chose to view particular social images in the subset of neurons for which we had viewing time data (n = 71, 23 of which had transient firing rate changes during the image epoch). Based on the temporal profile of cell activity, we analyzed two epochs, during image display and immediately after image offset. We found that firing rates of a small but significant number of neurons were correlated with viewing time in the latter epoch [n = 7, p(n > 6) < 0.025, binomial test, Figure 3 ] but not the former [n = 3, p(n > 2) = 0.47]. We next performed a two-way ANCOVA on these neurons with viewing time data and social image value as covariates (n = 71). This revealed that viewing time, but not choice-based image value, was significantly associated with firing rate [n = 13 for viewing time, p(n > 12) < 0.0001; n = 3 for image value, p(n > 2) > 0.4]. These findings suggest that OFC neurons also convey information about interest or attention as indexed by prolonged gaze [18] .
Discussion
Our findings demonstrate that OFC neurons signal socially relevant information derived from visual images. OFC neurons respond transiently to social visual stimuli, differentiate between socially distinct classes of images, weakly signal the value of these images to the monkey, and convey interest in continuing to view a particular image. These results complement recent findings that OFC neurons track fluid reward value when it is altered by social context [19] . However, in our study, more than twice as many neurons were sensitive to image category than fluid amount, despite monkeys' choices being dominated by fluid reward. This finding suggests that decision value is not the sole determinant of firing rate changes in OFC [20] . Different types of social stimuli are capable of inducing a vast array of cognitive and physiological states that may not be observable in simple binary choices. For example, approach behavior can be elicited by both negatively valenced states, such as the desire to seek more information in the case of a threatening stimulus (e.g., a dominant male face), or by positively valenced states, as is the case for sexual imagery (e.g., female perinea). Avoidance behavior can arise from disgust, fear, or mere indifference. This suggests that OFC neurons may contribute to other processes beyond the calculation of value.
OFC neurons also signaled the length of time monkeys looked at an image. Looking time represents an alternative and complementary measure of interest or attention that differs qualitatively from preferences expressed though choice and is often used in developmental psychology and comparative cognition studies [21] . We found OFC neurons with firing rates unambiguously modulated by looking time, which suggests that qualities associated with this metric, such as salience or emotional responses, may be represented in OFC.
Our findings indicate that socially relevant information may have privileged access to OFC, which is well positioned anatomically to bind visual social and affective information, given abundant connections with both sensory and limbic regions [22] [23] [24] . Visual inputs from face-sensitive areas in temporal cortex may explain the presence of face-sensitive patches in OFC revealed by functional imaging [25, 26] . Importantly, social actors are rarely static, and the meaning of their actions must be constantly tracked and updated. Adaptive social behavior depends on the location, affective state, social status, reproductive state, and social context of both oneself and others.
Our findings are also consistent with work showing that OFC lesions disrupt the ability to respond appropriately to shifting environmental conditions, such as altered reward contingencies in reversal-learning tasks [27] [28] [29] . Prior studies documenting recruitment of OFC neurons by choosing between food or fluid reward [15, 19, 30, 31] may also reflect similar processes; adaptive foraging demands behavioral flexibility to respond to resource depletion, prey dispersion, and other factors [32, 33] . For social animals like monkeys, foraging for food or fluid rarely occurs in isolation [34, 35] . The trade-off between foraging and social vigilance resonates with our finding that more OFC neurons signaled social information than gustatory information. Among socially sophisticated animals like macaques, social interaction requires dynamic behavioral flexibility that may place proportionately greater demands on neural circuitry that updates real-time estimates of the locations, identity, affective states, and intentions of others. We speculate that OFC, along with other regions of frontal cortex [36, 37] , is part of a specialized neural circuit that evolved concomitantly with increasingly sophisticated social behavior, a conjecture consistent with the direct relationship between OFC size and social network size in humans [38] , as well as group size across primates [39] .
Experimental Procedures
All procedures were designed and conducted in compliance with the Public Health Service's Guide for the Care and Use of Animals and were approved by the Duke University Institutional Animal Care and Use Committee. Individual neurons were recorded from orbitofrontal cortex of three adult male rhesus macaques (Macaca mulatta) while they performed a modified pay-per-view decision task [11, 19, 20] (see Figure 1 and Supplemental Experimental Procedures). The amount of fluid reward and the set of images paired with each of two targets varied in blocks. Image sets consisted of either a uniform gray square or dominant faces (n = 60), subordinate faces (n = 60), and female perinea images (n = 60), all presented randomly with replacement. Image value was defined as the magnitude of fluid required to equilibrate the frequency of choosing each of the two options for each set of images, as estimated by the mean of a cumulative normal function fit to choice frequencies as a function of fluid magnitude for choosing to view an image [19] . Viewing time was recorded for a subset of neurons (n = 70). Horizontal and vertical eye positions were sampled at 1000 Hz by an infrared camera (Eyelink 1000, Kanata, Ontario, Canada). Neuronal waveforms were discriminated online (Plexon, Dallas, TX, USA) and firing rates analyzed offline (MATLAB, Natick, MA, USA). For all analyses, normalized neuronal response was calculated by subtracting baseline activity (last 500 ms of ITI) from firing rates calculated for 500 ms epochs (typically perisaccade, perijuice, and image display durations).
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